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Abstract. Wetlands and freshwater bodies (mainly lakes)
are the largest natural sources of the greenhouse gas CH4
to the atmosphere. Great efforts have been made to quan-
tify these source emissions and their uncertainties. Pre-
vious research suggests that there might be significant
uncertainties coming from “double accounting” emissions
from freshwater bodies and wetlands. Here we quantify
the methane emissions from both land and freshwater
bodies in the pan-Arctic with two process-based biogeo-
chemistry models by minimizing the double accounting at
the landscape scale. Two non-overlapping dynamic areal
change datasets are used to drive the models. We estimate
that the total methane emissions from the pan-Arctic are
36.46 ± 1.02 Tg CH4 yr−1 during 2000–2015, of which wet-
lands and freshwater bodies are 21.69 ± 0.59 Tg CH4 yr−1

and 14.76 ± 0.44 Tg CH4 yr−1, respectively. Our estima-
tion narrows the difference between previous bottom-up
(53.9 Tg CH4 yr−1) and top-down (29 Tg CH4 yr−1) esti-
mates. Our correlation analysis shows that air temperature
is the most important driver for methane emissions of inland
water systems. Wetland emissions are also significantly af-
fected by vapor pressure, while lake emissions are more in-
fluenced by precipitation and landscape areal changes. Sensi-
tivity tests indicate that pan-Arctic lake CH4 emissions were
highly influenced by air temperature but less by lake sedi-
ment carbon increase.

1 Introduction

Atmospheric methane (CH4) is one of the major greenhouse
gases, which contributes to about 20 % of the warming effect,
second only to carbon dioxide (CO2). Atmospheric methane
concentrations have risen 2.5 times since the beginning of the
industrial age (Hamdan and Wickland, 2016). However, its
100-year global warming potential is around 28 times higher
than CO2 (27.2 in non-fossil origin and 29.8 in fossil origin;
Intergovernmental Panel on Climate Change (IPCC), 2021).
Previous studies have suggested that inland water systems
(wetlands and freshwater bodies) are the single largest natu-
ral source of the greenhouse gas CH4 (Saunois et al., 2020),
both of which have been found to increase under chang-
ing climate. Wetland CH4 emissions are the largest natu-
ral source in the global CH4 budget, contributing to 60 %–
80 % of natural CH4 emissions, equivalent to roughly one-
third of total natural and anthropogenic emissions (Quiquet
et al., 2015; Hopcroft et al., 2017). Under the Representative
Concentration Pathway (RCP) 2.6 scenario, climate-change-
induced increases in boreal wetland extent and temperature-
driven increases in tropical CH4 emissions will dominate an-
thropogenic CH4 emissions by 38 % to 56 % toward the end
of the 21st century (Zhang et al., 2017).

Likewise, lakes are the second largest CH4 source of all in-
land water emissions after wetlands (Kyzivat et al., 2022), ac-
counting for approximately 30 % of biogenic methane emis-
sions (Guo et al., 2020). They are especially common in high
latitudes and account for about 10 % of the boreal landscape
(Guo et al., 2020). This high coverage of lakes, especially the
extensive shallow seasonally ice-covered ones in sub-Arctic
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landscapes, has been considered as a major source of atmo-
spheric methane in northern high latitudes (Bastviken et al.,
2011; West et al., 2016). Unlike wetlands, shallow lakes have
the highest methane emission potential in the cold season
which dominate the spring methane release in the pan-Arctic
area (Jammet et al., 2015); since the ice layer in winter pre-
vents methane from being oxidized by the atmospheric oxy-
gen and from being released to the atmosphere, methane ac-
cumulated during the winter can be released in a large pulse
during the spring ice melt (Phelps et al., 1998; Guo et al.,
2020). In addition, due to the considerable total lake area and
the substantial shallow lakes in the area of 40–70◦ N, this re-
gion was also found to be the dominant contributor (∼ 30 %)
of global lake diffusive CH4 emissions (Li et al., 2020). How-
ever, in comparison with land methane emission studies, less
work has been done on studying lake CH4 emissions through
process-based modeling (Saunois et al., 2020), especially for
the pan-Arctic region.

To date, although great efforts have been made to quan-
tify the uncertainties of global wetland and lake methane
emissions separately (Liu et al., 2020; Guo et al., 2021),
there are still significant differences between the estimates of
the Arctic CH4 natural sources using the bottom-up method
which aggregated lakes, wetlands, and coastal waters as CH4
sources (32–112 Tg CH4 yr−1; McGuire et al., 2009; Saunois
et al., 2020) and the top-down method which determines
the emissions based on the spatial and temporal variabil-
ity of atmospheric CH4 concentration measurements (15–
50 Tg CH4 yr−1; Arctic Monitoring and Assessment Pro-
gramme (AMAP), 2015). In those studies, there are potential
double accounting issues for certain areas of wetlands and
lakes using low-resolution wetland and lake distribution data
(Thornton et al., 2016). Specifically, some small lakes and
ponds might have been considered as lakes using lake mod-
els, while wetland modeling might have also treated those as
wetlands, therefore being accounted for twice in the regional
methane emission estimation.

Here we use two process-based biogeochemical models,
the terrestrial ecosystem model–methane dynamics module
(TEM-MDM; Liu et al., 2020) and the Arctic lake biogeo-
chemistry model (ALBM; Guo et al., 2020), along with two
dynamic area datasets for both wetland (Wetland Area and
Dynamics for Methane Modeling (WAD2M) version 2.0;
Zhang et al., 2022) and lake (global lake area, climate, and
population (GLCP); Meyer et al., 2020) ecosystems which
cover the inland water systems throughout the landscape
without overlap, to quantify the methane emissions consider-
ing the impact of the landscape changes in both land ecosys-
tems and freshwater bodies in the study region for the period
2000–2015.

2 Method

2.1 Model description

The terrestrial ecosystem model (TEM) is a process-based
biogeochemistry model which considers carbon, nitrogen,
water, and heat processes in terrestrial ecosystems and was
originally used to simulate ecosystem carbon and nitrogen
dynamics (Melillo et al., 1993; Zhuang et al., 2001, 2002,
2003, 2004, 2007, 2013). The model considers important
freeze–thaw processes and explicitly integrates soil thermo-
dynamics in permafrost and non-permafrost region biogeo-
chemical processes. It is also coupled with a complex hy-
drological module that enables the modeling of soil mois-
ture profiles and water table depths in upland and wetland
ecosystems. Zhuang et al. (2004) also developed a methane
dynamics module (MDM), which was integrated into TEM
to estimate CH4 emissions from northern high-latitude re-
gions and further revised and extrapolated to the global scale
to quantify soil methane consumption (Zhuang et al., 2013).
Recently, Liu et al. (2020) revised the model to the ver-
sion we used in this study by taking into account several
more detailed land methane cycling processes, including var-
ious types of wetlands in different regions based on plant
functional types, the impact of above-soil surface water on
methane transport, and cumulative vertical methane concen-
trations in soil, such that it can give a more precise methane
estimate on the global scale.

The Arctic lake biogeochemistry model (ALBM) is a 1-D
process-based climate-sensitive lake biogeochemical model
originally developed for simulating CH4 production, oxida-
tion, and emission in Arctic lakes (Tan et al., 2015; Tan and
Zhuang, 2015a, b) and later revised to predict both thermal
and carbon dynamics of aquatic ecosystems in boreal lakes
(Tan et al., 2017; Guo et al., 2020), and it was then success-
fully applied to temperate lakes (Tan et al., 2018; Guseva
et al., 2020). Recently, the ALBM is also shown to be ca-
pable of simulating global lake thermal dynamics (Guo et
al., 2021). The model consists of several modules, including
those for the water–sediment thermal circulation, conceptu-
alized as the water thermal module (WTM) and the sediment
thermal module (STM), and those for the gas diffusive and
ebullition transportation, conceptualized as the bubble trans-
port module (BTM) and the dissolved gas transport module
(GTM) (Tan et al., 2015). The model also covers the radiative
transfer processes and the water–sediment biogeochemistry,
including the terrestrial ecosystems’ organic carbon loading,
the microbial and photochemical organic carbon degradation,
the photosynthesis for inorganic carbon fixation, and phyto-
plankton biomass loss through respiration for further sim-
ulation of CO2 dynamics. The ability of ALBM to simulate
and represent the thawing and freezing cycles of sediments in
thermokarst lakes and the organic carbon inputs induced by
thermokarst activities, the degradation of dissolved organic
carbon through photochemical mineralization, and the mo-
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bilization and mineralization of labile organic carbon in the
deep sediments of yedoma lakes is crucial for understanding
the carbon dynamics in Arctic lakes, which makes it a bet-
ter choice for simulating Arctic lake methane emission than
other lake models that are usually lacking these processes
(Tan et al., 2017).

2.2 Input data

Here we use two global dynamic area changing datasets
for both wetland and lake ecosystems. For wetlands,
the Wetland Area and Dynamics for Methane Model-
ing (WAD2M) version 2.0 was used as the TEM-MDM
model input as transient wetland inundation fraction data.
The dataset following the same processing method as ver-
sion 1.0 (Zhang et al., 2021), which was used for quanti-
fying the global methane budget for 2000–2017 (Saunois
et al., 2020) but included a few updates on the static in-
ventories applied in WAD2M and used the same monthly
SWAMPS version 3.2 (Jensen and McDonald, 2019), was
provided for the Global Carbon Project wetland CH4 (GCP-
CH4) model intercomparison. Compared to the previous
one, the new version applied the Global River Width
from Landsat (GRWL) database (https://zenodo.org/record/
1297434, last access: 20 October 2022; Allen and Pavel-
sky, 2018) and HydroLAKES (https://www.hydrosheds.org/
images/inpages/HydroLAKES_TechDoc_v10.pdf, last ac-
cess: 20 October 2022; Messager et al., 2016) instead of the
Joint Research Center global surface water (GSW) dataset
(Pekel et al., 2016) to remove inland freshwater systems, de-
fined as lakes, ponds, and rivers, and the time period was ex-
tended to 2000–2020. Land cover data, which are used to as-
sign parameters to each grid cell, followed Liu et al. (2020),
from which vegetation type distribution is from Melillo et
al. (1993) and soil texture is from Zhuang et al. (2003).

For lake simulation, we used the global lake area, climate,
and population dataset (GLCP; Meyer et al., 2020) as the
dynamic input for ALBM model. Using the HydroLAKES
database version 1.0 for the locations and numbers of lakes,
the GLCP contains over 1.4 million lakes of at least 10 ha
in surface area, with annual surface area (identified as per-
manent or seasonal water) from 1995 to 2015, paired with
annual basin-level temperature, precipitation, and population
values. HydroLAKES is a global database of all lakes with a
surface area of at least 10 ha based on inventories using geo-
statistical approaches. GLCP directly uses HydroLAKES to
determine the lake locations and numbers, and HydroLAKES
is also the dataset WAD2M used to remove inland freshwater
bodies; thus, the combination of these two datasets (GLCP
and WAD2M 2.0) covers the inland water systems through-
out the landscape and will not overlap with each other.
Hence, using these two dynamic datasets will minimize the
double accounting problem, which refers to some lakes and
ponds being accounted for twice in both regional lake and
wetland methane emission estimations at the landscape scale

(Thornton et al., 2016). We further classified the lakes into
four types based on their location and permafrost thawing
type in the pan-Arctic area (above 45◦ N), including yedoma
thermokarst lakes (yedoma/YDM), non-yedoma thermokarst
lakes (thermokarst/TMK), non-thermo-boreal lakes (bore-
al/BRL), and temperate lakes (temperate/TMP). From these,
yedoma and thermokarst lakes are classified based on a cir-
cumpolar yedoma map (Jens et al., 2022) and arctic circum-
polar distribution and soil carbon of thermokarst landscapes
(Olefeldt et al., 2016a, b), and non-thermo boreal lakes and
temperate lakes were defined based on whether their loca-
tion is above 60◦ N. At the end, a total of 1 248 478 lakes
were simulated, including 101 852 yedoma lakes, 249 434
non-yedoma-thermokarst lakes, 390 687 non-thermo-boreal
lakes, and 506 505 temperate lakes. Because the time period
is different for these two datasets (2000–2020 for WAD2M
and 1995–2015 for GLCP), we chose the overlap years of
2000–2015 as our simulation time period.

For the climate forcing data, we used
GSWP3-W5E5 and 20CRv3-ERA5 datasets
(gswp3-w5e5_obsclim_global_daily and 20crv3-
era5_obsclim_hurs_global_daily, https://data.isimip.org/
10.48364/ISIMIP.982724, last access: 10 January 2023;
Lange et al., 2022): both are factual climate input daily
datasets with a resolution of 0.5◦

× 0.5◦ globally provided
by the Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP). These forcing data were used for both models to
ensure that no additional uncertainties are introduced. Air
temperature, surface pressure, wind speed at 10 m, relative
humidity, precipitation, snowfall, downward shortwave
radiation, and downward longwave radiation were used in
the ALBM model as input forcing. For the TEM-MDM
model simulation, we only used air temperature, relative
humidity, precipitation, and downward shortwave radiation,
where air temperature and relative humidity were used to
calculate the vapor pressure as another input.

2.3 Model parameters

The model parameters are derived from previous studies,
both of which did the parameter calibration and validation
on a global scale (Liu et al., 2020; Guo et al., 2021). For
TEM-MDM, 15 key parameters involved in wetland methane
oxidation and production processes were calibrated and vali-
dated at the site level (15 sites for calibration and 14 sites for
validation) using the shuffled complex evolution approach
(SCE-UA). Other information, such as vegetation type, soil
texture, and wetland type, were also set based on site obser-
vations. For ALBM, 58 freshwater lakes of varying shapes,
locations, climates, and landscapes were used for the cali-
bration of nine lake sediment property-related parameters.
The calibration process used the Sobol sequence sampling
method to generate a perturbed parameter ensemble (PPE)
of 10 000 samples from the parameter space, and then the
Monte Carlo method was applied to simulate this PPE for
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each lake. Six years of the observation data from each lake
were used for calibration, and the rest were used for valida-
tion.

2.4 Simulation protocols

Model simulations followed different protocols for different
models. In the wetland simulation (using TEM-MDM), the
terrestrial ecosystem model 5.0 (TEM5) was first run in the
same simulation area and time period to get the net primary
production (NPP) and leaf area index (LAI); the outputs were
then fed to TEM-MDM as input to calculate methane emis-
sions. For the TEM5 simulation, we first did the spinup run
10 times with 40 years per spin before the transient simu-
lation to let the model reach a steady state using the first
40-year (1901–1940) input data; the 120 years (1901–2020)
transient simulation was run in TEM-MDM, while the first
100 years simulation was used as spin up. For lake simulation
using ALBM, as discussed in Sect. 2.2, the lakes were clas-
sified into four types based on their location and permafrost
thawing type. We further grouped each type of lake based
on their surface area (< 1, 1–10, > 10 km2) and depth (< 3,
> 3 m) and whether they are in the same 0.5◦

× 0.5◦ pixel, so
that lakes in the same groups will be driven by the same me-
teorology input data. Different types of lakes used different
parameter sets derived from calibration. For all the simula-
tions, a spinup period of 10 years was run first.

2.5 Sensitivity test

Sensitivity tests were conducted for lake emission simula-
tions in three aspects. According to the previous studies, un-
der the shared socioeconomic pathway (SSP) 5-8.5 scenario,
temperature will increase roughly by 4–6 ◦C (IPCC, 2021;
Huang et al., 2022) and precipitation exhibits an increasing
trend at a rate of 10.28 mm per decade in the Northern Hemi-
sphere, corresponding to a ∼ 13 %–18 % increase by the end
of the 21st century (Chen and Frauenfeld, 2014; Du et al.,
2022). Therefore, we rerun the simulation by (1) increasing
the daily temperature by 5 ◦C; (2) increasing the daily pre-
cipitation by 15 %, where both rain and snowfall were con-
sidered; and (3) adding additional 15 % carbon into lake sed-
iments to simulate the influence of permafrost thawing due
to global warming. For temperature and precipitation, we di-
rectly modified them at the data input step. For lake sedi-
ment carbon, we assumed that the additional carbon trans-
ferred straight from old organic matter in thawing permafrost
(old organic carbon pool) to new organic matter at the water–
sediment interface (young organic carbon pool) and changed
it by altering the labile carbon density (Clabile) (Tan et al.,
2015). Because the old organic carbon pool may only con-
tribute to CH4 production in the permafrost thaw bulb un-
der yedoma and thermokarst lakes, we just altered the corre-
sponding Clabile.

3 Results

3.1 Temporal dynamics of methane emissions at the
landscape scale

The ALBM model simulation driven with the GLCP dataset
indicates that the methane emission from lakes in the pan-
Arctic region ranges from 11.88 ± 0.18 Tg CH4 yr−1 in the
year 2000 to 18.20 ± 0.31 Tg CH4 yr−1 in the year 2015
with a mean value of 14.76 ± 0.44 Tg CH4 yr−1. For dif-
ferent types of lakes, we estimate 6.41 ± 0.05 Tg CH4 yr−1

for temperate lakes, 3.07 ± 0.09 Tg CH4 yr−1 for boreal
lakes, 2.36 ± 0.28 Tg CH4 yr−1 for thermokarst lakes, and
2.92 ± 0.07 Tg CH4 yr−1 for yedoma lakes, respectively.
The TEM-MDM model driven with WAD2M 2.0 inun-
dation data estimates land ecosystem net emissions of
21.69 ± 0.59 Tg CH4 yr−1, ranging from 19.44 ± 0.63 in
2009 to 23.87 ± 0.76 in 2007. Combining the two model sim-
ulations along with two dynamic area change datasets, we
estimate that the total annual methane emission from inland
water systems in the region of 45◦ N north during 2000–
2015 is 36.46 ± 1.02 Tg CH4 yr−1, with the lowest value of
31.91 ± 0.61 Tg CH4 yr−1 in the year 2000 and the highest
value of 41.09 ± 1.35 Tg CH4 yr−1 in 2015 (Fig. 1a).

Figure 1b shows the landscape change over the 2000–
2015 period. From this, the wetland area was calculated
using inundation fraction data and the lake area was di-
rectly derived from the GLCP dataset. The total annual
average area of the inland water system in the study re-
gion is 3 090 690 ± 38 203 km2 (mean ± standard deviation),
with a minimum value of 3 039 565 km2 in 2003 and a
maximum of 3 169 494 km2 in 2015. The total wetland
area is 1 122 493 ± 36 303 km2 ranging from 1 074 079 km2

(2009) to 1 199 428 km2 (2010). For lakes, the total area
ranges from 1 919 652 km2 in 2003 to 1 996 625 km2

(1 968 197 ± 19 708 km2).

3.2 Spatial variations of landscape-level methane
emissions

Spatial wetland and lake methane emissions are shown in
Fig. 2a and b separately. The West Siberia Lowland and the
Hudson Bay Lowland were two strong sources. There are
many sporadic high emission sources in wet tundra and small
wetlands in boreal forest regions and river and coastal flood-
plains. Although a majority of lakes are located in the north-
ern Hudson Bay area, they all have low emissions at around
1 g CH4 m−2 yr−1, compared to which, lakes near Macken-
zie River delta of Canada and the Hudson Bay Lowland area
have a relatively higher emission at 50 g CH4 m−2 yr−1, as
well as lakes in northern Europe such as Sweden, Finland,
and the northwest corner of Russia (around Lake Onega).
Figure 2c shows the methane emission for inland water sys-
tems in the pan-Arctic area: it is worth noting that the average
emissions of the lake are usually higher than the emission of
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Figure 1. Annual (a) methane emissions and (b) landscape change.

the wetlands around the lake, indicating that lakes emit more
methane than wetlands in same the region under the same
conditions.

3.3 Correlation and sensitivity analysis results

The relationship between annual methane emissions from in-
land water systems and climate drivers and landscape areal
change are shown in Fig. 3. The studied climate drivers in-
clude vapor pressure (relative humidity), precipitation, tem-
perature, and shortwave radiation. For areal changes, wet-
lands and lakes are shown separately. We also did a corre-
lation analysis between annual methane emissions and these
drivers. The results are shown in Table 1. Temperature and
vapor pressure have a very similar trend and fit well with
wetland emissions, with a high correlation of 0.80 and 0.88,
which are the only two that have a P value less than 0.01. The
precipitation captured the upward and downward trends of
wetland emissions, with a relatively high and statistically sig-
nificant correlation of 0.56. Compared to this, the shortwave
radiation and areal change have lower correlations with wet-
land emissions. For lake emissions, Fig. 3 shows that temper-
ature captured the most upward and downward trends, fol-
lowed by shortwave radiation and precipitation, with statisti-
cally significant correlations of 0.54, 0.47, and 0.45, respec-
tively. Although the annual average vapor pressure shares
a similar annual trend with temperature and lake methane
emissions, the correlation analysis is relatively low. In addi-
tion, the methane emissions from lakes (0.56) are more sen-
sitive to landscape areal changes than to wetlands changes
(0.27 with no statistical significance).

Considering that annual average values are not capable
of capturing the seasonal/monthly relationship, we then did
another correlation analysis using monthly data. From this,
monthly wetland and lake emissions, four climate drivers,
and wetland inundation data were used, while monthly lake
area data are not available (Table 2). Each correlation in

the table has a P value lower than 0.01, which means they
are all statistically significant. For vapor pressure, just like
the high correlation with wetland emissions in interannual
trends (Table 1), the monthly correlation is still the highest
among the five factors (0.96). The second highest correlation
with wetland emissions is also temperature (0.89), followed
by wetland area, shortwave radiation, and precipitation. Al-
though the interannual variation of shortwave radiation does
not fully coincide with wetland emissions (Fig. 3) and they
seem to have a low and statistically meaningless correlation,
their monthly correlation still has a relatively high value of
0.77. In terms of the correlation of lake methane emissions,
temperature has the highest value of 0.87, followed by rel-
ative humidity (vapor pressure) and precipitation. We also
did a correlation analysis between wetland area and climate
drivers, and we found that temperature and vapor pressure are
the climatic factors that have the greatest impact on wetland
landscape areal changes.

Different types of lakes have various sensitivities to in-
creasing temperature, precipitation, and additional lake sed-
iment carbon (Fig. 4 and Table 3). Lake methane emis-
sion from above 45◦ N is more sensitive to temperature
changes than to precipitation or the lake sediment carbon
pool. When temperature increases by 5 ◦C, lake emissions
increase by 19 %, where thermokarst lakes are influenced
the most (28.5 %) and yedoma lakes are influenced the least
(7.35 %). Precipitation has low impacts on lake CH4 emis-
sions. The overall lake emissions only increase by 0.19 %
when the precipitation increased by 15 %. Thermokarst lakes
remain relatively most sensitive to changes in precipitation
(0.82), while the other three types of lakes were all insensi-
tive. For additional sediment carbon added due to permafrost
thaw, only thermokarst and yedoma lakes were impacted,
with an increase of 15 % carbon leading to a similar increase
for both types of lakes (20.85 % and 18.98 %), resulting in an
overall CH4 emission increase by 6.85 %.
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Figure 2. Spatial distribution of average annual methane emissions (g CH4 m−2 yr−1) from (a) wetlands, (b) lakes, and (c) total inland water
systems in the pan-Arctic region.

Table 1. Correlations between annual methane emissions and climate drivers and landscape changes.

Shortwave radiation Precipitation Temperature Vapor pressure Areal change

Wetland emission 0.20d 0.56b 0.80a 0.88a 0.35d

Lake emission 0.47c 0.45c 0.54b 0.35d 0.56b

a P value less than 0.01. b P value less than 0.05. c P -value less than 0.1. d P value greater than 0.1.

4 Discussion

4.1 Annual methane emissions from the landscape

From previous studies, Wik et al. (2016) estimated
16.5 Tg CH4 yr−1 emissions from lakes and ponds north of
50◦ N, while Bastviken et al. (2011) estimated 13.4 for in-
land waters (lakes, reservoirs, streams, and rivers) > 54◦ N,

both of which are estimated using measurement data com-
bined with inventories. Based on a new spatially explicit
dataset of lakes > 50◦ N, which includes not only all lakes
with area greater than 0.1 km2 but also 6.5 million smaller
lakes (0.02–0.1 km2), Matthews et al. (2020) estimated that
emissions are 13.8–17.7 Tg CH4 yr−1. Using a process-based
model (bLake4Me, a previous version of the ALBM model),
Tan and Zhuang (2015a) estimated 11.86 Tg CH4 yr−1 in the
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Figure 3. Relationships between methane emissions from inland water systems and key drivers: (a) methane emissions, (b) four climate
drivers, methane emission with (c) wetland area, and (d) lake area changes.

Table 2. Correlation between monthly methane emission and climate drivers and landscape changes.

Shortwave radiation Precipitation Temperature Vapor pressure Areal change

Wetland emission 0.77 0.76 0.89 0.96 0.79
Lake emission 0.56 0.79 0.87 0.82
Wetland area 0.69 0.75 0.93 0.88

2005–2008, ranging from 7.1 to 17.3 Tg CH4 yr−1 for north
of 60◦ N. After this study, a coupled model of bLake4Me and
a thermokarst lake-evolution model was used to estimate a
total methane emission of 11.3 ± 2.1 Tg CH4 yr−1 from lakes
> 60◦ N in the year 2006 (Tan and Zhuang, 2015b). Com-
pared to these estimates, our lake simulation results fall in a
reasonable range.

For emissions from northern high latitude wetlands, Chen
et al. (2015) estimated 36.1 ± 6.7 Tg CH4 yr−1 during 1997–
2006 for the same pan-Arctic wetlands (north of 45◦ N) us-
ing an enhanced variable infiltration capacity (VIC) model
linked with the Walter and Heimann (2000) wetland CH4
emissions model. Zhang et al. (2017) used a bottom-up ap-
proach with the LPJ-wsl model, estimating methane emis-

sions of 23.4 ± 0.76 Tg CH4 yr−1 from wetlands > 50◦ N
over the period 1980–2000. Poulter et al. (2017) used an en-
semble of biogeochemical models constrained with remote
sensing surface inundation and inventory-based wetland area
data (SWAMPS-GLWD; a previous version of WAD2M used
in this study), estimating that the boreal wetland emitted
44 ± 19 Tg CH4 yr−1 in 2012. Using TEM-MDM, but com-
bined with different transient wetland inundation area frac-
tion datasets, Liu et al. (2020) estimated the emissions are
38.90 Tg CH4 yr−1 from the region 45–90◦ N. Our estimates
are at the lower end of these records. We attribute this to
the change in inundation area data. The larger lake extent in
GRWL & HydroLAKES compared to the GSW dataset leads
to downward-revised wetland area in WAD2M version 2.0
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Table 3. Average increase for four types of lakes (temperate (TMP), boreal (BRL), thermokarst (TMK), and yedoma (YDM)), and total CH4
emissions in 16-year period due to changes in temperature, precipitation, and lake sediment carbon.

TMP BRL TMK YDM Total

Additional C 0 0 20.85 % 18.98 % 6.85 %
Temperature 19.24 % 22.38 % 28.49 % 7.35 % 18.81 %
Precipitation 0.12 % 0.05 % 0.82 % 0.06 % 0.19 %

Figure 4. Sensitivity test for increasing temperature by 5 ◦C, increasing precipitation by 15 %, and adding additional 15 % carbon into lake
sediments (a). Average value of each type of lakes including temperate (TMP), boreal (BRL), thermokarst (TMK), and yedoma (YDM) (b).

versus version 1.0. The revision in version 2.0 slightly re-
duced vegetated wetland extent in the mid-latitudes espe-
cially for the region 45–70◦ N, which is the portion with the
most methane emissions in our study area. That could ex-
plain the gap between our results and the previous ones. In
addition, compared to other model simulations that were also
involved in the same project (Global Carbon Project wet-
land CH4; GCP-CH4) where 16 models give an annual av-
erage CH4 emission of 28.8 ± 11.8 Tg CH4 yr−1 from north-
ern wetlands > 45◦ N in 2000–2020, our simulation result of
21.69 ± 0.59 CH4 Tg yr−1 lies in a reasonable range.

Besides biogeochemistry modeling approaches, atmo-
spheric chemistry transport and inversion models have also
been used to constrain the methane emission quantification
from pan-Arctic wetlands and lakes. Bruhwiler et al. (2014)
developed an assimilation system for atmospheric CH4 and
simulated the annual emissions from the wetland over the
northern high latitudes (53–90◦ N) of about 23 Tg CH4 yr−1.
Tan et al. (2016) used a nested-grid high-resolution inverse
model estimating methane emissions from north of 60◦ N in
the range of 11.9–28.5 Tg CH4 yr−1, of which wetlands and
lakes accounted for 5.5–14.2 and 2.4–14.2 Tg CH4 yr−1, re-
spectively.

Our simulation shows that methane emissions
from inland water systems in the pan-Arctic are
36.46 ± 1.02 Tg CH4 yr−1, which are in the middle of
bottom-up estimates of 53.9 Tg CH4 yr−1 and top-down
estimates of 29 Tg CH4 yr−1 from previous studies (Ta-

ble 4). Our bottom-up model estimates are much lower
than the previous bottom-up estimates and closer to the
previous top-down estimates. We attribute this to using two
non-overlap dynamic areal change datasets to minimize the
double accounting problem raised by Thornton et al. (2016).

4.2 Climate drivers and sensitivity analysis

Since the climate variables often co-vary over time, some of
them could be confounders during the correlation analysis.
Thus, the correlation analysis may not reflect the “true” sen-
sitivity of methane fluxes to a single climate variable (Ta-
ble 2). A partial correlation analysis is then conducted to
eliminate the covariate effects between climate drivers for
better analyzing correlation between each individual variable
and methane emissions. We first noticed that interannual av-
erage vapor pressure and temperature have a relatively high
correlation (Fig. 3b), with a value of 0.84 and 0.96 (both P

values are much less than 0.01) for annual and monthly data,
respectively. This is to be expected, since the vapor pres-
sure is greatly affected by temperature and even it is calcu-
lated from temperature and relative humidity data. We also
found that while the correlation between annual temperature
and radiation is not strong (0.40 with a P value over 0.1),
the correlation is strong at a monthly time step (0.81 with
a P value much less than 0.01): this may explain the rela-
tively high correlation between monthly shortwave radiation
and methane emissions. In addition, precipitation is greatly
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Table 4. Comparison with previous studies of different methods. The average values are estimated by weighting the area.

Method Type Reference Study area Emissions Average Our result
(Tg CH4 yr−1)

Bottom-up Wetland Chen et al. (2015) > 45◦ N 36.1 ± 6.7 36.3 21.69
Zhang et al. (2017) > 50◦ N 23.4 ± 0.76
Poulter et al. (2017) Boreal region 44 ± 19
Liu et al. (2020) > 45◦ N 38.9

Lake Bastviken et al. (2011) > 54◦ N 13.4 17.6 14.76
Wik et al. (2016) > 50◦ N 16.5
Tan and Zhuang (2015a) > 60◦ N 11.86
Tan and Zhuang (2015b) > 60◦ N 11.3 ± 2.1
Matthews et al. (2020) > 50◦ N 13.8–17.7

Top-down Wetland and lake Tan et al. (2016) > 60◦ N 11.9–28.5 29
Bruhwiler et al. (2014) > 53◦ N 23

affected by vapor pressure and temperature, and there is a
strong correlation between them (0.83 for vapor pressure and
0.77 for temperature). Hence, our partial correlation analysis
aims to examine the interannual and seasonal relationship be-
tween methane emissions and (1) vapor pressure and short-
wave radiation after removing the thermal effect of tempera-
ture (Vapr/T and SwRd/T ), (2) temperature independent of
radiation (Temp/R), and (3) precipitation eliminating the im-
pact of temperature and vapor pressure (Prec/TV) (Table 5).

Although temperature and vapor pressure still are the most
important drivers to the annual seasonal wetland methane
emissions, vapor pressure independent of the thermal effect
is no longer the main driver of lake methane emissions. For
seasonal wetland emissions, vapor pressure has the high-
est coefficient and temperature has the second highest one.
Consistent with our previous correlation analysis, high vapor
pressure may limit the stomatal opening and reduce evapo-
transpiration, thus increasing soil moisture which could stim-
ulate methane production (Zhuang et al., 2003). Other stud-
ies also indicated that the impact of wet–dry cycles on re-
gional methane emissions is evident (e.g., Watts et al., 2014).
When it comes to annual trends, temperature tends to have
a higher influence on wetland methane emissions, indicat-
ing that wetlands are more sensitive to temperature in the
long term rather than vapor pressure. For lake emissions,
vapor pressure has less impact when eliminating tempera-
ture, showing that their high correlation is mostly induced
by the thermal effect. In our model, lake methane emission
is mainly through two processes: methane ebullition and dif-
fusion (Tan et al., 2015, 2017). High vapor pressure would
suppress water methane diffusion, but the influence is rela-
tively small compared to overall emissions. Shortwave radia-
tion with the temperature effect removed has a much smaller
effect on seasonal emissions, indicating the high correlation
of radiation is caused by the heating effect of radiation and
the high sensitivity of temperature in our model. We believe
the results of partial correlation analysis capture the relation-

ship between inland water systems’ methane emissions and
climate drivers.

The sensitivity analysis suggests that a 5 ◦C increase in
temperature increases pan-Arctic lake methane emissions by
20 %. Compared to previous studies, Guo et al. (2020) esti-
mated a 40 % lake methane emission increase for the same
study area by the end of the 21st century, in the scenario that
the temperature increases around 7.5 ◦C. Sepulveda-Jauregui
et al. (2018) showed that for sub-Arctic oligotrophic lakes,
increasing lake water temperature by 2 ◦C leads to a net in-
crease in CH4 emissions by 47 %–56 %. However, their work
did not consider the ice cover season of high-latitude lakes,
from which the methane fluxes can be blocked by a thick
layer of ice for several months each year and then oxidized
in the water column. In addition, the relatively low response
of yedoma lakes (∼ 7 %) to the increasing temperature could
be explained by the fact that their mobilized labile carbon is
usually in deep sediments (Tan and Zhuang, 2015a), which
means that the influence of the warming air temperature will
take much longer to enhance methane production in the lake
sediment. In contrast, when we directly increase the labile
carbon density (Clabile) at the water–sediment interface, the
methane emission of yedoma lakes increased much higher
(∼ 19 %), while the thermokarst lakes were affected less
(∼ 20 %) compared to its response to temperature change
(∼ 28 %). For precipitation, although it was set in the model
to bring the load of allochthonous carbon to the lake (Tan et
al., 2017), increasing it by 15 % only makes a negligible im-
pact on methane emission. A plausible explanation is that the
lakes are relatively saturated with extraneous carbon in sedi-
ments, so any increase brought by the additional precipitation
tends to have small influences.

4.3 Uncertainty analysis and future works

Although our simulation results more accurately estimate
methane emissions from inland water systems in the pan-
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Table 5. Partial correlations for shortwave radiation-eliminating temperature (SwRd/T ), vapor pressure independent of temperature
(Vapr/T ), temperature independent of radiation (Temp/R), and precipitation eliminating temperature and vapor pressure (Prec/TV).

Timescale Type SwRd/T Prec/TV Temp/R Vapr/T

Seasonal Wetland 0.20a
−0.54a 0.72a 0.86a

Lake −0.47a 0.56a 0.85a
−0.14c

Annual Wetland −0.23d 0.35d 0.81a 0.65a

Lake 0.33d 0.43d 0.45d
−0.23d

a P value less than 0.01. b P value less than 0.05. c P value less than 0.1. d P value greater
than 0.1.

Arctic by avoiding the double accounting problem, some un-
certainty sources in this study still exist. First, despite the
use of two non-overlapping landscape change maps to avoid
the uncertainty caused by double accounting, the precision
of the two maps remains to be examined. The HydroLAKES
database used in the GLCP and WAD2M datasets only con-
tains lakes and reservoirs with an area greater than 0.1 km2

(Messager et al., 2016), which means that lakes and ponds
smaller than 0.1 km2 are either not considered or misclassi-
fied as wetlands. Those small lakes and ponds cover in total
about 1 × 106 km2 which equals more than half the area of
Alaska (Verpoorter et al., 2014). Also, some previous stud-
ies have found higher methane fluxes in small and shallow
lakes (Holgerson and Raymond, 2016; Sasaki et al., 2016),
and lakes appear to emit more methane than wetlands, imply-
ing that lake methane emissions may still be underestimated.
Secondly, during the simulation, although we classified the
lakes based on their sediment type, size, and depth, we still
assumed all the same types of lakes to be homogeneous
which were assigned to the same set of parameters. Never-
theless, lakes are highly heterogeneous across the globe (Guo
et al., 2021), especially for those big lakes, such that regional
lake simulation may introduce a high uncertainty.

Furthermore, recent studies have found that groundwater
discharge could be an important pathway as lateral CH4 in-
puts to Arctic lakes that links CH4 production in thawing
permafrost to atmospheric emissions via lakes (Olid et al.,
2022). Jammet et al. (2015) also confirmed that spring is a
crucial period for methane dynamics in sub-Arctic shallow
lakes while large methane emissions were observed during
the spring thaw. These two important processes were not
considered in our process-based ALBM model. Similarly,
compared to other model results in GCP-CH4 projects, our
TEM-MDM modeled wetland CH4 emissions are relatively
low in subzero temperature months, while a field study found
that substantial emissions occur during the “zero curtain” pe-
riod, when subsurface soil temperatures are poised near 0 ◦C
(Zona et al., 2016). Therefore, our next step will be modify-
ing the TEM-MDM and ALBM models by taking those im-
portant processes into consideration. In addition, higher res-
olution maps of dynamic wetland inundation and lake land-
scape changes are highly needed.

5 Conclusions

By using two dynamic areal change datasets combined with
process-based terrestrial and lake biogeochemical models,
we are among the first to quantify methane emissions from
both land and aquatic inland water systems, i.e., wetlands
and freshwater bodies in the pan-Arctic, which avoids the
uncertainty caused by area double accounting. Our simula-
tions indicate that the total methane emissions from pan-
Arctic inland water system are 36.46 ± 1.02 Tg CH4 yr−1

during 2000–2015, of which wetlands and lakes were
21.69 ± 0.59 Tg yr−1 and 14.76 ± 0.44 Tg yr−1, respectively.
Our estimation narrows the difference between previous esti-
mates using bottom-up and top-down methods. In the pan-
Arctic, wetland methane emissions are most affected by
vapor pressure, followed by temperature, while lake emis-
sions are more sensitive to temperature than to precipitation
and landscape areal change. Furthermore, the methane emis-
sions from lakes are more sensitive to annual landscape areal
changes than from wetlands. The West Siberia Lowland and
the Hudson Bay Lowland were the two strong sources of wet-
lands, and lakes have higher emissions around the Macken-
zie River delta of Canada and the Hudson Bay Lowland area.
In addition, lakes emit more methane than wetlands under
the same condition. Although the lack of understanding of
the underlying methane cycle mechanisms in the lake makes
the response of CH4 emissions from Arctic lakes to cli-
mate change highly uncertain, our sensitivity test using the
process-based ALBM model does indicate that pan-Arctic
lake CH4 emissions are more influenced by increasing tem-
perature compared to lake sediment carbon increase.

Code and data availability. The data used to reproduce the fig-
ures, codes, model, and samples of the running directory can
be accessed via the Purdue University Research Repository:
https://doi.org/10.4231/SJC1-9F83 (Zhuang and Liu, 2022) and
https://doi.org/10.4231/67YG-V518 (Zhuang and Guo, 2023).
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